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We have calculated the proton spectral functions in finite nuclei based on the local density ap-
proximation where the properties of finite nuclei and nuclear matter are calculated by the Skyrme-
Hartree-Fock method and the extended Brueckner-Hartree-Fock approach, respectively. The scaled
spectral function from our calculation is in good agreement with experimental results at small
momenta while the difference between them becomes apparent at high momenta. Besides, a target
dependence of the scaled proton spectral function is also obtained in our calculation as was observed
in experiment. A further investigation indicates that the proportion of the high density region of the
proton has a significant contribution to this target-dependent behavior since the spectral function
in asymmetric nuclear matter increases significantly as a function of density.
PACS numbers: 21.30.Fe, 21.65.+f, 24.10.Cn
I. INTRODUCTION
Nucleon-nucleon (NN) short-range correlations which are induced by the hard core in the bare NN potential are of
great interest since they are closely related to the properties of neutron-rich nuclei, particle production in heavy-ion
collisions, as well as neutron star physics [1–3]. It leads to a new challenge to test the validity of the physical picture
of independent particle motion in the mean field theory or the standard shell model [4, 5].
In experiment, the effects of NN correlations can be investigated by the (e, e′p), (e, e′NN) and proton induced
knock-out reactions [6–8]. The related measurements have been reported continually [9–19] and definite evidence of
short-range NN correlations has been observed in these experiments. One important measurement of such medium
modifications is the spectral function which can be observed in electron scattering experiments [20].
Nucleon spectral function in nuclear matter has been calculated by adopting various many-body methods, such as the
relativistic Dirac-Brueckner-Hartree-Fock theory [21], the transport model [22], the in-medium T-matrix approach [23],
the self-consistent Green’s function method [24–26], and the Brueckner-Hartree-Fock (BHF)approach [27]. Within
different approaches, the main features of the spectral functions turn out to have similar behavior in the region relevant
to the short-range correlations. However, discrepancies of the predicted spectral functions based on different methods
are still present and controversial interpretations of the experimental data exist [28]. Besides, the information about
the nuclear spectral function and the effects of NN correlations in finite nuclear systems have also been explored in
theory [29–33]. In Ref. [30], the authors pointed out that the effects of short-range correlations are insensitive to the
bulk structure of the nuclear system by a comparison of the spectral function derived from experimental data with
the one obtained from the Green’s function method in nuclear matter, while only the spectral function of 12C was
reported without a systematic investigation for different nuclei. Within the framework of Correlated Basis Function
approach, the scaled proton spectral function, i.e., the proton spectral function scaled by the number of protons, was
compared for different nuclei and a significant increase of the scaled spectral function with the mass number was
observed. In Ref. [34], experimental results of electron scattering on nuclei are available for several nuclei (12C, 27Al,
56Fe and 197Au) and the spectral function was explained as an indication of short-range correlations. In Ref. [23], the
author calculated the spectral functions of the four nuclei (12C, 27Al, 56Fe and 197Au) in the self-consistent T-matrix
approach and the target dependence of the scaled proton spectral function is expected to stem partially from the
asymmetry of target and the density dependence of the spectral function by using a local density approximation
(LDA). However, the effect of the density dependence of the spectral function on the target dependence of the scaled
spectral function was not illustrated explicitly and the reason for the significant difference of the spectral functions
going from 12C to 197Au was not explained. In our previous research, the extended BHF approach has been adopted
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2to calculate the spectral functions in symmetric as well as asymmetric nuclear matter, and the three-body force effect
on the spectral function in nuclear matter has been investigated [36, 37]. In the present paper, the extended BHF
approach supplemented by the LDA will be firstly applied to calculate the spectral functions in finite nuclei. One of
our purposes in the present paper is to investigate the strong target dependence of the scaled proton spectral function
within the framework of the extended BHF approach.
In the present paper, we shall calculate the scaled spectral function from the LDA [38]. The calculation for finite
nuclei and nuclear matter shall be performed within the framework of the Skyrme-Hartree-fock (SHF) method and
the extended BHF approach, respectively. In this paper, only the spectral functions of the four nuclei, i.e., 12C, 27Al,
56Fe and 197Au are calculated while similar calculations can be naturally applied and extended to other nuclei.
The present paper is organized as follows. In the next section, we give a brief review of the adopted theoretical
approaches including the extended BHF theory and a microscopic three-body force (TBF) model. We also give
definitions and the corresponding physical interpretations of the mass operator and spectral function. In Section III,
the calculated results will be reported and discussed. Finally, a summary is given in Section IV.
II. THEORETICAL APPROACHES
The present calculations are based on the extended BHF approach for asymmetric nuclear matter [39]. Here for
completeness, we simply give a brief review about this theory. The starting point of the BHF approach is to obtain
the reaction G-matrix by solving the following isospin dependent Bethe-Goldstone (BG) equation [40],
G(ρ, β;ω) = VNN + VNN
∑
k1k2
|k1k2〉Q(k1, k2)〈k1k2|
ω − ǫ(k1)− ǫ(k2)
G(ρ, β;ω) (1)
where ki ≡ (~ki, σi, τi) denotes the momentum, the z-component of spin and isospin of a nucleon, respectively.
Q(k1, k2) = [1 − n0(k1)][1 − n0(k2)] is the Pauli operator which prevents two nucleons in intermediate states from
being scattered into their respective Fermi seas (Pauli blocking effect). Here n0(k) denotes the Fermi distribution
function and it is given by a step function at zero temperature, i.e., n0(k) = θ(kF − k). The asymmetry parameter
β is defined as β = (ρn − ρp)/ρ, where ρ, ρn and ρp denote the total nucleon, neutron and proton number densities,
respectively. VNN is the bare NN interaction and ω is the starting energy. ǫ(k) is the single-particle (s.p.) energy
which is given by: ǫ(k) = h¯2k2/(2m) + U(k). Here the auxiliary s.p. potential U(k) controls the convergent rate of
the hole-line expansion [40] and the continuous choice for the auxiliary potential is adopted in the present calculation
since it provides a much faster convergence of the hole-line expansion up to high densities than the gap choice [41].
Under the continuous choice, the s.p. potential describes physically at the lowest BHF level the nuclear mean field
felt by a nucleon in nuclear medium [42] and is calculated as follows:
U(k) = Re
∑
k′≤kF
〈kk′|G[ρ, ǫ(k) + ǫ(k′)]|kk′〉A , (2)
where the subscript A denotes anti-symmetrization of the matrix elements.
In the present calculation, we adopt the Argonne V18 (AV18) two-body interaction [43] plus a microscopic TBF [44]
constructed by using the meson-exchange current approach [45] for the realistic NN interaction VNN . In the TBF
model adopted here, the most important mesons, i.e., π, ρ, σ and ω have been considered. The parameters of the
TBF model, i.e., the coupling constants and the form factors, have been self-consistently determined to reproduce
the AV18 two-body force using the one-boson-exchange potential model and their values can be found in Ref. [44]. In
our calculation, the TBF contribution has been included by reducing the TBF to an equivalently effective two-body
interaction according to the standard scheme as described in Ref. [45]. The extension of the BHF scheme to include
microscopic three-body forces can be found in Ref. [44–46]. In r-space, the equivalent two-body force V eff3 reads:
〈~r ′1 ~r
′
2 |V
eff
3 |~r1~r2〉 =
1
4
Tr
∑
n
∫
d~r3d~r
′
3 φ
∗
n(~r
′
3 )(1− η(r
′
13))(1− η(r
′
23))
×W3(~r
′
1 ~r
′
2 ~r
′
3 |~r1~r2~r3)φn(~r3)(1− η(r13))(1− η(r23)). (3)
Within the framework of the Brueckner-Bethe-Goldstone theory, the mass operator can be expanded in a pertur-
bation series according to the number of hole lines, i.e.,
M τ (k, ω) =M τ1 (k, ω) +M
τ
2 (k, ω) +M
τ
3 (k, ω) + · · · (4)
3where τ denotes neutron or proton (hereafter we will write out explicitly the isospin index τ). The mass operator is
complex quantity, i.e., M τ (k, ω) = V τ (k, ω) + iW τ (k, ω) and the real part of its on-shell value can be identified with
the potential energy felt by a neutron or a proton in asymmetric nuclear matter. In the present calculation, we consider
the first two terms M τ1 (k, ω) and M
τ
2 (k, ω). M
τ
1 (k, ω) corresponds to the standard BHF s.p. potential. M
τ
2 (k, ω) is
called the Pauli rearrangement term which describes the effects of the ground-state two-hole correlations on the s.p.
potential [47, 48]. The detailed expressions for M τ1 (k, ω) and M
τ
2 (k, ω) can be found in Refs. [39]. According to the
Lehmann representation for the Green function Gτ (k, ω) = [ω− k2/2m−M τ (k, ω)]−1, the nucleon spectral functions
in nuclear matter can be expressed as follows, i.e.,
Aτ (k, ω) = −
1
π
W τ (k, ω)
[ω − k2/2m− V τ (k, ω)]2 + [W τ (k, ω)]2
, (5)
and it fulfils the sum rule of
∫∞
−∞
Aτ (k, ω)dω = 1.
One of the main purposes of the present work is to investigate the proton spectral functions of the finite nuclei
system. To simplify the calculation, we adopt the spherical assumption for nuclei and the LDA has been applied.
The proton spectral function for a finite nucleus is calculated by the radial integral of the proton spectral function in
nuclear matter, and the expression reads
Sp(k,E) =
2
(2π)3
∫
Aph[ρ(r), β(r); k,E]d
3~r, (6)
where ρ(r) and β(r) are the local density and isospin asymmetry at radius r, respectively. Aph[ρ(r), β(r); k,E] is the
proton hole spectral function in nuclear matter. The proton exciting energy is obtained by E = ωF [ρ(r), β(r)] −
ω[ρ(r), β(r)]|ω<ωF , where ωF is the Fermi energy of nuclear matter.
III. RESULTS AND DISCUSSIONS
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FIG. 1: Radial density distribution of the four nuclei 12C (a), 27Al (b), 56Fe (c) and 197Au (d) calculated by the SHF method
with the LNS1 parameter set. The solid lines denote the total densities while the dashed and dotted lines represent the proton
and neutron densities respectively.
To perform the LDA, in Fig.1 we display the neutron, proton and total density distributions of the four nuclei 12C
(a), 27Al (b), 56Fe (c) and 197Au (d) which are calculated by the SHF method. We adopt the LNS1 parameter set
which is obtained by fitting the properties of asymmetric nuclear matter predicted by the BHF approach [49]. This
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FIG. 2: Asymmetry distribution for the four nuclei 12C (a), 27Al (b), 56Fe (c) and 197Au (d) calculated by the SHF method
with the LNS1 parameter set.
parameter set gives a satisfying description of properties of finite nuclei, such as binding energy and charge radius.
One can find from Fig.1 that the total densities inside nuclei are not constant along the radii. For the heaviest nucleus
197Au, the total density is found to be nearly constant in the central region and is close to the saturation density of
nuclear matter. Besides, one has to know the asymmetry distributions inside nuclei for the application of the LDA.
In Fig.2 we display the asymmetry distributions of the four nuclei 12C, 27Al, 56Fe and 197Au. The local asymmetry
β(r) is given by [ρn(r) − ρp(r)]/[ρn(r) + ρp(r)], where ρn(r) and ρp(r) represent the neutron and proton densities at
radius r, respectively. It is shown in Fig.2 that the asymmetries inside nuclei are not constant but have fluctuations
along the radii. When the radii are not too large, i.e., the corresponding densities are not too small, the asymmetries
can be roughly estimated by (N − Z)/(N + Z), where N and Z are the neutron and proton numbers, respectively.
However, the asymmetries of 56Fe and 197Au increase distinctly as the radii become very large, which is in accordance
with the phenomenon of neutron skin or halo structure in nuclear physics.
One should notice that the LDA will give rise to uncertainties of calculations. In the recent BHF studies for finite
nuclei, Bethe-Goldstone equation is solved directly for finite nuclei and several interesting new results were reported
continuously[50–53]. For example, in Ref.[50], it has been shown that the different LDAs generate substantially
different results by use of the same Brueckner theory with the same interaction adopted. Therefore, the investigation
of the uncertainties caused by the LDA should be concerned in the future research.
From Fig.1 and Fig.2 one can know the density and asymmetry at radius r and consequently obtain the proton
spectral function based on Eq.(6) for every nucleus discussed above. In Fig.3, we display the spectral functions divided
by the proton numbers for the four nuclei 12C, 27Al, 56Fe and 197Au at four different momenta 330 MeV (a), 410
MeV (b), 490 MeV (c) and 570 MeV (d). Besides, we also show the experimental results via (e, e’p) at JLab[34]
for comparison. One may notice that at low energies the present calculation can well reproduce the experimental
result at small momenta, while the discrepancy between them becomes apparent with increasing the momentum
since the effects of final state interaction (FSI) become significant at high momenta[3, 15, 35]. To include the FSI in
future calculations is potentially able to eliminate the discrepancy between the theoretical and experimental results
at high momentum. It is also shown in Fig.3 that the spectral functions from the present calculation decrease with
missing energy while the ones from the experiment behave differently. This can be explained by the existence of the
∆-resonance in the experiment which is not considered in our calculation. The ∆-resonance appears at high missing
energy and consequently enhances the spectral function, for example, sizable contributions from the excitation of
the ∆-resonance enhance the spectral function of 12C at missing energies above 150 MeV. The improvement of the
calculated spectral functions at high missing energies is expected by inclusion of the ∆-resonance in future theoretical
calculations.
In Ref. [23], the CD-Bonn interaction was used in the calculation and it is stated that to adopt a nuclear potential
with a hard core could bring the calculation closer to the experimental results. In our calculation, the AV18 interaction
is adopted, which introduces stronger short-range correlations than the CD-Bonn interaction. Besides, a microscopic
TBF is included in our calculation, which also induces strong short-range correlations. Consequently, we find that
5FIG. 3: By various lines we give spectral functions divided by proton numbers from our calculations for the four nuclei 12C,
27Al, 56Fe and 197Au at four different momenta 330 MeV (a), 410 MeV (b), 490 MeV (c) and 570 MeV (d). Open-symbol dots
correspond to the experimental results taken from Ref.[34].
the spectral functions given by the AV18 interaction are larger than those given by the CD-Bonn interaction and our
calculation gives a better description of the experimental results at low momentum. However, the present calculation
still cannot give a quantitative description of the experimental results. To quantitatively reproduce the experimental
results is still challenging for nuclear theory.
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FIG. 4: Proton spectral function as a function of missing energy with momentum k = 330 MeV for three different asymmetries
(β = 0.035, 0.087 and 0.22) at the saturation density in nuclear matter..
By comparing the four panels (a), (b), (c) and (d) in Fig.3, one can notice that the spectral function decreases
with momentum for the same nucleus, which means that the possibility to find a nucleon inside a nucleus decreases
by increasing the momentum. At a given momentum, one may notice from both the experimental results and our
present calculations that the off-shell spectral function per proton increases when going from 12C to 197Au which is
called the target dependence of the scaled proton spectral functions in finite nuclei. To understand this phenomenon,
we start the discussion from the proton spectral function in nuclear matter.
6Firstly, we show the proton spectral function in asymmetric nuclear matter as a function of the missing energy for
three different asymmetries(β = 0.035, 0.087 and 0.22) at the saturation density in Fig.4. One can see from Fig.4 that
the proton spectral function decreases with asymmetry of nuclear matter, which means that the probability to find
a proton inside a nucleus decreases with asymmetry. This result is in accordance with our previous calculation [54]
and can be explained by the tensor component of nucleon-nucleon interaction [55, 56]. However, one should notice
that this asymmetry dependence is very weak. From Fig.2 we can find that the asymmetries of the central regions
for these 4 nuclei are less than 0.22. Thus one can conclude that the asymmetry distributions inside finite nuclei has
negligible effects on the target dependence of the scaled proton spectral functions of nuclei.
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FIG. 5: Proton spectral function as a function of missing energy with momentum k = 330 MeV for five different densities
(ρ = 0.169, 0.162, 0.135, 0.096 and 0.048 fm−3) in nuclear matter with asymmetry β = 0.038 .
Secondly, in Fig.5 we display the proton spectral function versus the missing energy at five different densities
(ρ = 0.169, 0.162, 0.135, 0.096 and 0.048 fm−3) in asymmetric nuclear matter at a fixed asymmetry of β = 0.038. The
proton spectral function increases with density of nuclear matter since higher density induces stronger short-range
correlations. One can expect from Eq.(6) that the nuclear spectral function increases with the range of the high
density region in a nucleus (one should note that what are plotted in Fig.5 is for the total density and the proton
density dependence is expected to have the similar behavior). Furthermore, according to Eq.(6), the scaled proton
spectral functions of finite nuclei can be written as,
Sp(k,E)
Z
∝
∫
Aph[ρ(r), β(r); k,E]d
3~r∫
ρp(r)d3~r
. (7)
Based on the above discussion, we can find that for a given nucleus, the right hand of Eq.(7) is mainly contributed
by the proportion of the high density region of the proton. It implies a larger proportion of the high density region
of the proton will generate a higher value of the scaled proton spectral function.
TABLE I: Proportions of the high density region of the proton, i.e. χ, and scaled proportions of the high density region of the
proton, i.e. χC , for the four different nuclei
12C, 27Al, 56Fe and 197Au.
Nuclei χ χC
12C 0.45 1.00
27Al 0.63 1.39
56Fe 0.68 1.49
197Au 0.76 1.67
To be more explicit, we define a quantity χ =
∫
rh
0
ρp(r)d
3~r∫
ρp(r)d3~r
, where rh represents the range of the high density region
of the proton, to signify the proportion of the high density region of the proton. In practice, rh is defined according
to the half value of the maximum proton density, i.e., ρp(rh) =
ρmaxp
2 . In Tab.I, in the second column we display χ
7for the four different targets considered in the present paper, i.e. 12C, 27Al, 56Fe and 197Au. In the third column of
the Tab.I, we show the scaled proportions of the high density region of the proton χC , which is defined by χC =
χi
χ12C
where i runs over 12C, 27Al, 56Fe and 197Au. From Tab.I we can see that the proportion of the high density region of
the proton increases significantly going from 12C to 197Au, which is in accordance with the target-dependent behavior
of the scaled proton spectral function in Fig.3. The role of χ in the target dependence of the scaled proton spectral
function is more pronounced than the one of N+Z
Z
, which was stressed in Ref. [23]. We conclude that the proportion
of the high density region of the proton plays a crucial role in the target-dependent behavior of the scaled proton
spectral function.
IV. SUMMARY
In summary, we have calculated the proton spectral functions for finite nuclei by the local density approximation
where the nuclear structure is calculated from the Skyrme-Hartree-Fock method and the nuclear matter calculation
is performed within the framework of the extended Brueckner-Hartree-Fock approach by adopting the AV18 two-
body interaction supplemented with a microscopic three-body force. Our calculation is in good accordance with
the experimental results at small momenta. Besides, the absence of the ∆-resonance in our calculation leads to a
discrepancy with the experimental results at high missing energies. From our calculation, we also find that the scaled
proton spectral function increases when going from 12C to 197Au, which is consistent with the experimental results.
In asymmetric nuclear matter, the effects of short-range correlations increase with density and hence the spectral
function becomes larger at higher densities. By a further investigation, we find that the proportion of the high density
region of proton plays a significant role in the target dependence of the scaled proton spectral function. Inclusion
of the ∆-resonance in nucleon-nucleon interaction as well as the final state interaction are expected to improve our
results in future calculations [57]. In addition, the effects of the local density approximation on spectral functions of
finite nuclei should also be investigated in the following research.
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